Carbon dioxide injection into deep saline aquifers is governed by a number of physicochemical processes including mineral dissolution and precipitation, multiphase fluid flow, and capillary trapping. These processes can be coupled; however, the impact of fluid-rock reaction on the multiphase flow properties is difficult to study and is not simply correlated with variations in porosity. We observed the impact of rock mineral dissolution on multiphase flow properties in two carbonate rocks with distinct pore structures. Observations of steadystate N 2 -water relative permeability and residual trapping were obtained, along with mercury injection capillary pressure characteristics. These tests alternated with eight stages in which 0.5% of the mineral volume was uniformly dissolved into solution from the rock cores using an aqueous solution with a temperature-controlled acid. Variations in the multiphase flow properties did not relate simply to changes in porosity, but corresponded to the changes in the underlying pore structure. In the Ketton carbonate, dissolution resulted in an increase in the fraction of pore volume made up by the smallest pores and a decrease in the fraction made up by the largest pores. This resulted in an increase in the relative permeability to the nonwetting phase, a decrease in the relative permeability to the wetting phase, and a modest, but systematic decrease in residual trapping. In the Estaillades carbonate, dissolution resulted in an increase in the fraction of pore volume made up by pores in the central range of the initial pore size distribution, and a corresponding decrease in the fraction made up by both the smallest and largest pores. This resulted in a decrease in the relative permeability to both the wetting and nonwetting fluid phases and no discernible impact on the residual trapping. In summary, the impact of rock matrix dissolution will be strongly dependent on the impact of that dissolution on the underlying pore structure of the rock. However, if the variation in pore structure can be observed or estimated with modelling, then it should be possible to estimate the impacts on multiphase flow properties.
Introduction
The movement of CO 2 injected into the subsurface involves an interplay of geochemical, geomechanical, flow, and transport processes (Depaolo and Cole 2013) . Understanding the coupling between these processes is essential for accurate modelling of the migration and trapping of the CO 2 .
One potentially significant coupling is geochemical reactions that induce changes in fluid flow properties. The injected CO 2 will dissolve into the formation brine and lead to a decrease in pH. Field observations have confirmed this, with pH generally observed between 5.7 and neutral, with values as low as 3.2 observed in the case of the Frio project (Knauss et al. 2005; Hovorka et al. 2006; Mito et al. 2008) . In carbonate rock reservoirs, this will under-saturate the aqueous phase with respect to carbonate minerals and induce the dissolution of calcite, dolomite, and magnesite. Sufficient dissolution will result in structural alterations to the pore structure of the rock that control fluid flow. This includes the porosity, absolute and relative permeability, residual trapping, and mechanical properties (Vanorio et al. 2011; Bemer and Lombard 2010) .
The impact of mineral dissolution on fluid flow has been investigated qualitatively in a number of contexts. Initial studies were in application to acid stimulation and CO 2 -enhanced oil recovery (Hoefner and Fogler 1988; Fredd and Fogler 2011) . The focus has been on categorising patterns of mineral dissolution, e.g. into wormhole regimes or more uniform dissolution. The occurrence of one pattern or another has been found to depend on the spatial and temporal scales, fluid flow velocity, and the kinetics of mineral-fluid chemical reactions (Oleg et al. 2009 ). The dimensionless Peclet (Pe) and Damkohler (Da) numbers have been used to define these regimes (Schechter and Gidley 1969; Daccord et al. 1989; Golfier et al. 2002) . Recently, these observations have been shown to apply to CO 2 -brine systems relevant to carbon storage, including two-phase flow systems (Mangane et al. 2013; Luquot et al. 2014; Menke et al. 2015; Luhmann et al. 2017; Celia 2017) . However, the implications of the occurrence of these dissolution patterns for modelling changes in flow properties are not addressed by these studies.
A number of studies have investigated the impact of rock matrix dissolution on singlephase flow properties, porosity and absolute permeability (Mangane et al. 2013; Luquot et al. 2014; Menke et al. 2015; Noiriel et al. 2009; Qajar et al. 2013) . The studies used aqueous fluids with a pH range from 3.1 to 4.4, relevant to the region within a few metres of a CO 2 injection well. These studies found that absolute permeability increased with increasing porosity. At higher pH, the studies of (Mangane et al. 2013; Qajar et al. 2013; Luquot et al. 2014; Luhmann et al. 2017) found that absolute permeability could also decrease even as porosity increased. This was hypothesised to have resulted from pore clogging from fine particles that had been dislodged in the dissolution process.
Less well understood are the impacts of rock dissolution on multiphase flow properties, relative permeability, capillary pressure, and residual trapping characteristics, key to modelling field-scale CO 2 plume migration (Krevor and Pini 2019; Krevor et al. 2015) . These are continuum properties that are used to represent the aggregate impact of pore structure on multiphase fluid flows (Bear 2013) . Measurements of these properties are conventionally performed on homogenous samples at size scales larger than what is considered a representative elementary volume (Egermann et al. 2005; McPhee et al. 2015) . A key challenge in evaluating the impact of changes in pore structure on multiphase flow properties is inducing those changes systematically and in a way that the changes are distributed homogenously throughout the rock sample. In principle, the Da and Pe number scaling can be used in the alteration of rock samples while flowing reactive fluids through the core. In practice, we have found that the injection of acidic fluids into carbonate rocks results in non-uniform dissolution of the rock core, even at high fluid flow velocities.
In this work, we used an alternative approach. Following from (Egermann et al. 2006 ), a temperature-controlled acid was used to dissolve rock matrix homogenously throughout the core samples. This type of dissolution may not be representative of a reservoir scenario where both reaction and transport controls will combine in the resulting impact on the pore structure. However, this approach allowed us to systematically evaluate the impact of pore structure changes, induced by reaction, on the multiphase flow properties. We evaluated the multiphase flow properties of carbonate rocks with distinct pore structures over a sequence of steps in which mineral dissolution was induced homogenously throughout the rock cores. By observing the variation in the relative permeability and residual trapping with alterations to the pore size distribution of the rocks, we were able to directly attribute the observed variations in flow properties to the variations in pore structure.
Experimental Methods
Two carbonate rocks were obtained from quarries, selected for their distinct pore structures. The Ketton carbonate was an ooidal limestone with a bimodal pore structure. The Estaillades carbonate was a bioclastic limestone with a wide range in pore size and structure. Highresolution X-ray images of the rocks obtained with a micro-CT scanner are shown in Fig. 1 , and corresponding pore size distributions measured with mercury porosimetry are shown in Fig. 2 . Note that X-ray imaging used in quantifying fluid saturation was obtained at much lower resolution with a conventional medical CT X-ray scanner.
Routine properties of the rock samples are summarised in Table 1 . The porosity was measured using X-ray imaging, and absolute permeability was measured with distilled water in a core flood using standard techniques described in Niu et al. (2015) . Both rocks are composed of more than 99% calcite (Lai et al. 2015) . Capillary pressure characteristic curves were characterised using mercury injection capillary pressure measurements (AutoPore IV 9500, Micromeritics). These observations were reported as a pore throat radius, r p , distribution using the Young-Laplace relationship, r p = 2σ cos θ/P c , with contact angle and interfacial tension estimated to be θ = 130 • and σ = 485 mN/m. Uniform dissolution was induced in the rock samples making use of a temperaturecontrolled acid. This was following from (Egermann et al. 2006) where the approach was used to evaluate the impact of rock dissolution on single-phase flow properties. A solution under the commercial name Acidgen FG3 ® (a trademark of Cleansorb Ltd.) was used for this study. It is an in-situ organic acid production system. Water-soluble organic compounds (an ester and an enzyme) hydrolyse at elevated temperatures to produce formic or acetic acid. It is primarily used in the oil industry for obtaining formation coverage in acidising for permeability enhancement of natural fracture networks (Harris et al. 2001; Buijse et al. 2003) .
The solution was diluted with water as mixture of 10%w/v. In a test of the system, we monitored the pH of the solution as the temperature was increased from 19 to 65 • C over 180 min, as shown in Fig. 3 , and the pH from 3.25-1.3, with no significant lag relative to the timescales of the temperature change. Because the solution was weakly acidic at low temperature, a 2-cm-long sacrificial core sample was placed upstream of the experimental rock samples to buffer reactions while the core was initially saturated with the reactive solution.
The rock samples were dissolved in stages alternating with tests characterising the multiphase flow properties-drainage relative permeability and residual trapping. A single dissolution stage consisted of the following: first, the rock core sample was saturated with the acid solution at room temperature. This was then heated for > 10 h at 65 • C to induce the acid production. The cores were subsequently cooled and cleaned with the injection of 10 pore volumes of deionised water, and dried for the start of the flow property measurement. During each stage, around 0.5% of the mass of the rock was dissolved. The measurements of relative permeability and residual trapping were performed using a conventional steady-state procedure with detailed descriptions of the equipment and procedures provided in Reynolds and Krevor (2015) , Niu et al. (2015) . Deionised water and nitrogen (N 2 , with purity 99%, BOC, Ltd, UK) were used as the wetting and nonwetting phases, respectively. The experiments were performed at 100 bars of pore fluid pressure and 20 • C. The interfacial tension between N 2 and water was estimated to be 67 mN/m (Yan et al. 2001) . The viscosities of the fluids were estimated to be μ N 2 = 0.02 cp (Jacobsen et al. 1986 ) and μ w = 0.88 cp (Wagner and Pruss 2002) at the experimental conditions. The use of nitrogen ensured that there was no alteration of the rock structure during the tests and that there were no concerns about cleaning residual fluid from the rocks. The total fluid injection rate was held constant, Q T = Q N 2 + Q w = 20 ml min −1 , corresponding to a capillary number N c = uμ N 2 /σ = 10 −6 .
The relative permeability was estimated from the observations making use of the 1D history matching software SENDRA ® , allowing for the correction of capillary end effects (Sendra 2012). The Chierici correlation of relative permeability was found to be the most suitable model for the history matching of the experimental data (Chierici 1984) . Steady-state pressure time series and saturation profiles were input as fitting targets. No parameters from the Chierici model were imposed in the fitting.
Residual trapping observations followed the procedure developed in Niu et al. (2015) . This was a technique to rapidly parametrise the residual trapping characteristic curve by making use of the capillary end effect and X-ray imaging to measure the saturation. The residual trapping core floods followed immediately after the relative permeability tests. The residual trapping properties of both rocks were described as the relationship between the initial and residual gas saturations, also called initial-residual curves, and were fitted by the Land model (Land 1968 ), Eq. 1, 
where S g,max was the initial N 2 saturation at the end of the drainage process and C was the Land trapping coefficient. The greater the value of C, the less the trapping. Mercury injection capillary pressure measurements are destructive process. They were performed on samples drilled from the same rock blocks as the cores undergoing the flow tests. A parallel set of dissolution steps were performed on these samples, after which a mercury porosimetry test would be applied.
For the Estaillades carbonate, typically two dissolution stages would be performed prior to a flow test measurement, whereas properties were measured after each dissolution stage for the Ketton carbonate. Table 2 shows the detailed measurement schedule. Note that no measurements were made for either rock after the seventh dissolution stage.
Results and Discussion

Porosity, Absolute Permeability, and Pore Size Distribution
The variation of porosity for the rocks after each dissolution stage is shown in Fig. 4 . The porosity increased uniformly along the length of each of the rock samples, even while the samples themselves were heterogeneous. Two-dimensional porosity maps of a central slice of the rock cores are shown in Fig. 5 . Imagery of porosity in the Estaillades carbonate showed that there was compaction in the downstream region of the rock samples after the fourth and The variation in measured permeability with increasing core-averaged porosity is shown in Fig. 6 . Permeability in the Estaillades carbonate increased from 190 to 220 mD through the first six dissolution stages, corresponding to an increase in 0.02 porosity units. Subsequent to the sixth dissolution stage, the permeability decreased due to rock compaction. In contrast, there was no systematic change in permeability in the Ketton carbonate, which varied between 2.2 and 3 D. However, most measured values were below the initial value of 2.8 D. Uncertainty in the measurement of permeability was estimated using standard error propagation and was primarily driven by variation in the pressure measurement. The uncertainty was greater for the measurements with the Ketton carbonate than for the Estaillades, due to the low differential pressure across the rock. Fig. 7 The pore size distribution of Ketton (left) and Estaillades (right) carbonates at different stages of dissolution. The upper row shows the raw data and the lower row bins pore sizes into three groups of pore sizes to more clearly show the trends in pore structure evolution Non-systematic or decreasing permeability through reaction-induced porosity increases is indicative of rock compaction and the migration of small mineral grains released during the reaction process (Noiriel et al. 2005; Mangane et al. 2013; Luquot et al. 2014) . Studies have also observed monotonically increasing permeability variation with increasing porosity through dissolution; however, these variations generally occur over much larger variations in porosity (Mangane et al. 2013; Luquot et al. 2014; Menke et al. 2015) .
The variation in the pore size distribution of the rocks is shown in Fig. 7 . In the Ketton carbonate, the fraction of intergranular pores, with throat sizes r p > 3.16 µm, decreased with increasing dissolution, while the fraction of intragranular pores with throat sizes r p < 0.1 µm increased. During the dissolution of the Estaillades, the fractions of both the smallest pores, with throats r p < 0.418 µm, and the largest pores, with throats r p > 3.618 µm, decreased. This was concurrent with an increase in the fraction of pores of intermediate sizes, 0.418 < r p < 3.618 µm.
Relative Permeability
The relative permeability curves for both rock samples are shown in Fig. 8 . Data points are shown corresponding to the values of average saturation obtained at each fractional flow step In the Ketton carbonate, the gas relative permeability increased and the water relative permeability decreased with increasing porosity. The mineral dissolution resulted in an increasing fraction of the smallest pores and a decreasing fraction of the largest pores with increasing total porosity (Fig. 7) . While the fraction of the largest pores decreased, their volume did not. It is seen in Fig. 7 that the volume increase in the smallest pores occurs at the large size end of this group of pores. This change in structure opened up pathways for the nonwetting phase to flow where it was previously excluded, thus increasing the relative permeability. These same pathways were previously only available to the wetting phase, and as a result of the infiltration of the nonwetting phase, there was a corresponding decrease in the wetting phase relative permeability. A similar effect was estimated using numerical simulations in Jiang and Tsuji (2014) . In the Estaillades carbonate, both the gas and water relative permeability decreased with increasing porosity. There was a modest increase in the relative permeability of both phases with the final dissolution stage, after compaction had occurred. The mineral dissolution had resulted in a decrease in the fraction of both the smallest and largest groups of pores in the rock, with the middle range of pores taking up an increasing fraction of the pore volume ( Fig. 7) . As a result, wetting and nonwetting phases were less efficiently partitioned into smaller and larger pore networks. With an increasing fraction of fluid moving through the same networks of pores, the relative permeabilities to both phases were decreased.
Residual Trapping
Residual trapping was characterised through the construction of initial-residual characteristic curves shown in Fig. 9 . This measurement does not depend on observations of pressure or fluid flow, and uncertainty was driven by random noise in the CT image reconstruction . In these experiments, the maximum uncertainty associated with the saturation was ± 0.006. In the Ketton carbonate, there was a modest, but systematic decrease in residual trapping with increasing porosity (Fig. 10) . In the case of the Ketton, the mineral dissolution preferentially targeted small pores, increasing the average size of the small pore size distribution (Fig. 7) . This likely contributed to wetting layer flow. Trapping is promoted by flow of a wetting phase through layers on the pore walls of rocks. As these layers swell with increasing wetting phase pressure, they will promote snap-off and isolation of isolated blobs of the nonwetting phase. The loss of water flux along these layers may be the source of the modest decrease in trapping. In contrast, residual trapping did not significantly change with increasing porosity in the Estaillades carbonate, as shown in Fig. 10 .
Conclusions
We have evaluated the impact of rock mineral dissolution on the pore structure and multiphase flow properties, relative permeability and residual trapping, of two carbonate rocks with distinct pore structures. Variations in the multiphase flow properties were not correlated simply with changes in porosity. In contrast, the changes were well correlated with the changes in the underlying pore structure. In the Ketton carbonate, dissolution resulted in an increase in the fraction of pore volume made up by the smallest pores and a corresponding decrease in the fraction made up by the largest pores. This resulted in a systematic increase in the relative permeability to the nonwetting phase and decrease in relative permeability of the wetting phase. There was also a modest, but systematic decrease in residual trapping, possibly because of a reduction in wetting layer flow in small pores. In the Estaillades carbonate, dissolution resulted in an increase in the fraction of pore volume made up by pores in the central range of the initial pore size distribution, and a corresponding decrease in the fraction made up by both the smallest and largest pores. This resulted in a decrease in the relative permeability to both the wetting and nonwetting fluid phases and no discernible impact on the residual trapping. The impact of rock matrix dissolution will be strongly dependent on the impact of that dissolution on the underlying pore structure of the rock. However, if the variation in pore structure can be observed or estimated with modelling, then it should be possible to estimate the impacts on multiphase flow properties.
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